Abstract-The objective is to develop a method to quantify the dynamic information of contrast transport using angiography for investigating angiogenic treatments. In the rabbit hindlimb ischemia model, contrast media transport was examined for both arteries and the microvasculature. Time histories of image intensity were constructed and modeled. The differences in contrast transport quantified by the parameters of the mathematical model were statistically compared between animals treated with an adenoviral vector that expressed vascular endothelial growth factor and untreated animals. The data reveal that after one week of ischemia, treated animals have a statistical increase in the number of large vessels that convect blood more efficiently. This analysis further shows a statistically significant increase in the angiographic blush in the treated animals. A methodology is described that offers the capability of examining the number and geometry of large arteries, the dynamics of contrast transport, and the amount of angiographic blush that is related to microvascular density. In therapeutic angiogenesis, numerous techniques are used to measure variables such as the angiographic score, capillary density, and regional blood flow. The analysis presented herein can offer information of these variables, and is transferable from the laboratory to the clinical arena.
I. INTRODUCTION

P
ERIPHERAL arterial disease (PAD) threatens the survival of extremities and often causes lifelong disablement (reviewed in [1] and [2] ). The incidence of PAD in the U.S. is estimated at over 300 000 new patients per year, and the prognosis for many of these patients is poor. The clinical consequences include claudication, pain at rest and loss of tissue integrity in the distal limbs that might lead to amputation. Intermittent claudication affects more than 5% of people over 50 years of age and has a variable outcome with symptoms progressing rapidly in 25% of patients and almost 10% requiring amputations within five years. Progressive deterioration to rest pain or gangrene occurs in about 20% of all patients with intermittent claudication. The life expectancy of amputees is less than five years.
Evidence from both animal and patient studies indicate that risk factors for PAD, in particular age, diabetes, and hyperlipidemia are associated with depressed levels of angiogenic growth factors including vascular endothelial growth factor [3] . Growth factor deficiency and depressed angiogenic potential may therefore contribute to the establishment and progression of arterial disease. Therapeutic angiogenesis involves the introduction of exogenous growth factor proteins, genes, or stem cells directly into the diseased tissues to augment endogenous factors and promote new vessel growth (reviewed in [4] - [7] ). Therapeutic angiogenesis is currently being tested as a treatment for PAD and coronary artery disease. Results from studies in animal models initiated in the early 1990s were encouraging and have provided support for multiple clinical trials testing vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) proteins and genes [8] - [11] .
Angiographic assessment of angiogenesis is the standard method for evaluating the vasculature and production of collateral vessels in response to therapeutic angiogenesis, but the technique is limited to the analysis of singular angiographic images. The most common imaging technique used to quantify outcomes of proangiogenic therapy is the calculation of an angiographic score. A novel approach has been developed and is described herein, to quantify the level of angiogenesis by modeling the temporal variation of contrast intensity throughout an angiographic sequence. The dynamic information extracted from the images of angiographic sequences may then be mathematically modeled, and the model parameters provide information about the transport of contrast through the specified region of interest (ROI). The hypothesis is that these model parameters serve as quantifiable indices of the efficacy of therapeutic angiogenesis.
II. MATERIALS AND METHODS
A. Animal Model
All in vivo procedures described herein were performed with rabbits under general anesthesia. All in vivo procedures were conducted in accordance with the guidelines of the Animal Care and Use Committee at the University of Miami. A total of 12 rabbits are included in this study, six each in the control and treated groups.
The rabbit hindlimb ischemia model is commonly employed to study proangiogenic treatment. The left external iliac artery was ligated approximately 2 cm distal to the internal/external iliac bifurcation at the level of the inguinal ligament. After isolation of the site of iliac ligation, a 2-cm segment of the left 0018-9294/$25.00 © 2008 IEEE femoral artery distal to the lateral femoral circumflex artery and proximal from the descending genicular artery was resected. Fig. 1 depicts the arterial vasculature of the rabbit before and after the induction of ischemia.
The treated group received total intramuscular injection of 600 L of a suspension of pfu of an adenoviral vector encoded to express VEGF at ten randomly selected sites throughout the medial aspect of the thigh muscles. The recombinant AV vector was manufactured from a replication deficient type-5 AV lacking the E1 and E3 loci [12] . The VEGF cDNAs were inserted in place of the E1 region and expression was driven by the human cytomegalovirus promoter. The control group received like injections of sterile phosphate buffered saline (PBS).
B. Angiography
Prior to the induction of hindlimb ischemia, baseline angiographic runs of the normal hindlimb vasculature were obtained. The right common carotid artery (CCA) was exposed, and a 4-Fr hemostatic introducer sheath was then placed into the right CCA in a retrograde fashion. To prevent thromboembolic complications, anticoagulation therapy was administered with a bolus of 100 units/kg of heparin given intraarterially. Similar experiments to examine the in vivo angiogenic potential of VEGF explicitly do not employ heparin to avoid the suspected stimulatory effect of heparin on neovascularization [13] . However, it has been shown that heparin does not significantly alter the formation of collateral vessels in the rabbit hindlimb ischemia model [14] . A 4-Fr straight, infusion catheter with five side-holes (Tempo, Cordis Endovascular, Miami Lakes, FL) was navigated over a 0.035 inch Glidewire (Boston Scientific/MediTech, Natick MA) into the descending aorta. The final position of the catheter tip was at the level of the lumbar intervertebral disc between L5 and L6.
All angiographic studies were performed using a Siemens Angiostar Plus vascular imaging system (Siemens, Forchheim Germany). High-speed angiographic runs of the left lower limb were acquired at 30 frames per second and recorded as digital images with a resolution of 512 512 pixels. The acquired images had a depth of 8 bits. Injections of 5 cc of Visipaque-320 (GE Healthcare, Princeton, NJ) were performed at a rate of 3.0 cc/s by a computer-controlled microinjection system that has an accuracy of 0.25 L. Pressure injection profiles were periodically recorded to ensure repeatability.
High-speed angiographic sequences were acquired before and after ischemia was induced surgically, and hitherto referred to as baseline and postsurgical (PS), respectively. After this initial procedure, the right CCA proximal to the arterial port was ligated and the neck and leg wounds were closed with continuous suture lines. At the follow-up angiography session, catheterization was performed precisely as described previously with access obtained in the left CCA. After the follow-up angiographic sequences were obtained, the animal was euthanized with an overdose of sodium pentobarbital (100 mg/kg, IV). The relevant muscles and randomly selected organs were resected postmortem for future immunohistochemical analysis.
C. Image Processing
The acquired images were imported into Matlab (The Mathworks Inc, Natick MA) for further image processing and analysis.
For repeatable analysis, the femur was isolated [ Fig. 2(A) ] from each sequence. The image containing only the femur was thresholded, converted to a binary image [ Fig. 2(B) ] and then skeletonized [ Fig. 2(C) ]. The resulting image of the skeletonized femur was used to create the initial mask. The magnitude of the major axis of the ellipse was 150% of the length of the cord connecting the endpoints of the skeletonized femur. The minor axis of the ellipse was 75% of the major axis. An example of the resulting ellipse is presented in Fig. 2(D) . The ellipse then served as a polygonal region of interest, removing portions of the image that extend beyond the boundaries of the ellipse. The image mask isolated an anatomical region of the rabbit hindlimb that allows for consistent comparisons to be made between different angiographic sequences.
Therapeutic proangiogenic therapy mediated by exogenous administration of VEGF or genes encoded to express VEGF induces the formation of neovasculature consisting of vessels in the range of 200-800 m [8] . It has been reported that the majority of these new vessels have diameters closer to the lower limit of this range [8] . In these experiments, the smallest feature that may be resolved is approximately 250 m. To ascertain the contribution of the larger vessels, having diameters greater than 250 m, to the neovasculature, a large artery mask was created. The image representing the peak opacification of the large arteries was isolated and used to form the large artery mask. Five of the binary images preceding and following this peak opacified image were summed. Finally, the normalized, summed image was multiplied by the elliptical ROI mask, to create the large artery mask (LAM) [ Fig. 3(A) ]. To examine the smaller arteries which contribute to the angiographic blush, a blush mask [ Fig. 3(B) ] was created by inverting the pixel values of the previous LAM. Angiographic blush refers to a general darkening, or a decrease in image intensity, of the angiograms without clear delineation of vessels' boundaries. Using the blush mask, the subsequent analysis allowed for investigation of microvasculature changes in response to therapy Both the LAM and blush masks were applied to all acquired images and the temporal variations of image intensity were quantified for both regions.
D. Mathematical Modeling
After multiplying all images of a given angiographic sequence by its corresponding LAM, the average inverted intensity was calculated for each of the new grayscale images.
The intensity values of the image ranged between 0 and 1. The mean grayscale intensity was determined for each image, subtracted from 1, and then normalized by the total image area divided by the number of pixels with a value of unity in the relevant LAM. Time intensity curves represented the time history of the average, inverted grayscale values (AIGV) throughout the observation period. To create the time intensity curves for the temporal variation of grayscale values within the microvessels, the exact same procedure was repeated using the blush mask.
For each rabbit, time intensity curves were calculated using both masks at three time points, namely before and after the surgical induction of ischemia and at the follow-up evaluation.
To quantify changes in the shape of the time intensity curves, the data were mathematically modeled, and the model fit was then optimized using an algorithm that minimizes the differences between the model and the data, in a least squares sense.
The particular model used in this study is based on that previously employed to examine the transport of contrast from intracranial aneurysms [15] , [16] . The model has been adapted to more aptly describe the flow through a vascular bed, rather than within the specialized case of an aneurismal dilatation. The model combined two functions, namely a lagged normal density function and a modified error function Equation (1) represents the mathematical equation employed to mode the time intensity data aquired during the experiments. The lagged normal density function is the time convolution of a normal probability distribution function and an exponential decay. The normal component of the lagged normal density function modeled the temporal dispersion of contrast as a symmetric, random distribution about a mean with a standard deviation [17] . This component of the model was physically representative of the input, which is the injection of contrast. The second component of the lagged normal function is a monoexponential decay that is representative of contrast mixing with blood [17] . The lagged normal model adequately described the bulk fluid motion of contrast through the region of interest during the rise, early, and middle decay portions of the time intensity curves. However, this model dictated that the intensity values return to the background value within the observation period during the late decay phase. In this study, the observation period of less than 20 s was insufficient to allow the complete evacuation of contrast from the regions of interest. Thus, another mathematical function was superposed to account for the late decay phase of the time intensity curve.
The second term of the model, which is the integral of the normal probability density function, accounted for the contrast that remained during the late decay phase of the time intensity curves. This term, which is related by a constant to the error function, physically represented the multiple phenomena that lead to the departure of intensity from the background values at the end of the observation period. These phenomena included contrast stagnation, fluid entrainment of the contrast within the catheter and venous return.
The model parameters of (1) each had an understood contribution to the final shape of the model, which represented the transport of contrast. The amplification coefficients, and , determined the relative contribution of each function to the amplitude of the inverted average grayscale value. These coefficients represented the total amount of contrast that was transported through the regions of interest. For consistent and repeatable injections of equal quantities of contrast material, the summed coefficients indicated the resistance of the vascular bed.
The standard deviation of the lagged normal distribution function, , influenced the width of the function at the level of 68% of the value of the peak intensity. This parameter was representative of the transition time between injection in-flow to the washout phases of the flow of contrast from the ROIs. A smaller value of signifies that the transition from inflow to the onset of washout was reduced, indicative of more efficient convective transport of the contrast.
The contrast agent had fluidic properties that differ from blood. Specifically, the contrast offered higher viscosity and specific gravity than whole blood. Moreover, the injection produced time-dependent changes in the observed flow. However, these deviations were not sufficient to preclude the analysis of contrast transport through the ROI and its extrapolation to blood flow characterization therein [17] . With consistent control over imaging and injection parameters, relative differences were quantified by the modeling process.
E. Statistical Analysis
The results are expressed as mean standard error of the mean. The Mann-Whitney nonparametric analysis of the variance between two means was employed to compare the differences of the model parameters between the control and treated cohorts. A repeated measures analysis of the variance (twofactor repeated ANOVA) with a Tukey-Kramer multiple comparison posttest was employed to make comparisons of a given parameter within each group at different time points (baseline, PS, and one-week follow-up). A value of was interpreted as statistical significance.
III. RESULTS
Large conducting arteries including the internal and external iliac, femoral, deep femoral, inferior epigastric, lateral circumflex, popliteal, and saphenous arteries are clearly visible in the baseline angiogram [ Fig. 1(A) ]. As the contrast is slowly transported into the smaller arterioles, more branch generations become visible in the late phase of the angiographic sequence [ Fig. 1(B) ].
After the ligation and excision of a segment of the femoral artery, no branches of the external iliac artery are available for blood transport [ Fig. 1(C) ]. The only artery that remains for perfusion of the limb is the internal iliac artery. At a later time point in the angiographic sequence, the previous appearance of angiographic blush appears to have been nearly eliminated [ Fig. 1(D) ]. Ischemia of the hindlimb is acutely severe. Normally occurring anastomoses between the inferior gluteal and deep femoral arteries perhaps maintain minimal perfusion of the hip adductor muscles and the flexor muscle groups [18] , and hence explain the survival of the limb.
A comparison of the neovascular formation between the treated and control groups is shown in Fig. 4 after one week from the surgery and treatment. In the control group, smaller branches of the superior and inferior gluteal arteries become angiographically evident [ Fig. 4(A) ]. In the treated animal, one week following surgery numerous vessels have grown throughout the thigh, forming anastomoses with the arteries that supply the leg [ Fig. 4(B) ]. A myriad of vessels have sprouted from the iliolumbar, inferior, and superior gluteal arteries to perfuse the muscles of the thigh. The blush has intensified, indicating progress in development of the microvasculature.
Examples of time intensity plots with the superimposed model fitted to the data acquired with the LAM are presented in Fig. 5 . The peak intensity is lowered after the surgery [ Fig. 5(B) ]. It also appears that the time to transition from inflow to washout of the contrast is delayed within the large arteries, with a longer time constant for the decay of the intensity.
The intensity curves for the angiographic blush have a lower signal-to-noise ratio than those previously examined for the large artery mask. The number of capillaries is orders of magnitude larger than the number of large conducting arteries, and thus the contrast density is dramatically reduced. This fact is demonstrated by the lower amplitude of the time intensity curve, and the decreased signal-to-noise ratio. The baseline case [ Fig. 6(A) ] shows a clear pattern of contrast entering and beginning to exit the capillary bed. Because the process of contrast transport within the capillaries is slow, the average inverted grayscale values cannot return to the background level within the observation period. After the surgical induction of ischemia, the blush is dramatically decreased, with a mean behavior that begins to disappear into the noise [ Fig. 6(B) ].
The blush peak intensity value is higher in the treated [ Fig. 6(C) ] animals versus the control [ Fig. 6(D) ] group. It is also apparent in the treated group that the lagged normal component of the model plays a more significant role than that of the control group, indicating that the process of convection in fluid transport is present amongst the treated animals. In the control group, there is little obvious convection with the intensity rapidly ramping and then approaching a constant intensity, which does not significantly decrease within the observation period. Fig. 7 shows the statistical comparison of the model parameters. The results show that following the onset of ischemia, the transition time significantly increases in both the control and treated groups [ Fig. 7(A) ], implying that the blood transport through the large arteries has diminished. After one week, there is a significant decrease of the transition time in the treated animals as compared to the postsurgical time point and no statistically different change in the control group.
After ischemia is induced, the peak intensity of the LAM is significantly lessened for both cohorts [ Fig. 7(B) ] as the total amount of contrast flowing into the limb is diminished. At one week after surgery the peak intensity, the sum of and , from the time intensity curves of the treated animals is significantly larger than those acquired immediately after surgery . The control group also had a statistically significant change of the peak intensity within the same time period
. While difference in peak intensity between the treated and control group one week following surgery can be observed, it did not reach statistical significance . The peak intensity values of the blush, the sum of and , decreased significantly for both the control and treated groups after surgery [ Fig. 7(C) ]. Moreover, the peak intensity derived from the treated animals was significantly larger one week after surgery . The control group did not have a significant increase in blush intensity one week after onset of ischemia.
Counting the pixels of unity that form the large artery mask is a method of quantifying the area that the large arteries occupy within the ROI. It is analogous to the determination of the angiographic score, with the advantage that it eliminates intraobserver variability and considers more than simply the number of vessels. In this study, the pixel count decreased significantly after the surgical ligation of the external iliac artery and partial resection of the femoral artery in both groups of animals [ Fig. 7(D) ]. One week following surgery, the animals treated with VEGF have a significantly larger number of pixels forming the large artery mask than they had immediately after surgery . However, the control group offered no significant changes in the pixel count.
IV. DISCUSSION
The standard method for angiographically quantifying angiogenesis in both the clinical and research settings is the determination of an angiographic score. The image of an angiographic sequence that best depicts the vasculature is selected and a grid overlay is superposed. The angiographic score is defined as the number of vessels that are found within the squares divided by the total number of squares within a selected region and multiplied by 100 [19] , [20] . This is a method frequently applied in preclinical therapeutic angiogenesis studies.
To improve image quality resulting from sequences taken in the rabbit hindlimb ischemia model, post mortem angiography has been described [21] , [22] . After sacrificing the rabbits, a buffer containing adenosine is perfused into the lower limbs from a catheter placed in the distal aorta to achieve maximal vasodilation. Contrast medium containing bismuth and gelatin is slowly infused and allowed to gel by placing the limbs on ice. The resulting angiograms provide high image quality. There is a variation of vessel counting that uses a vertical line intersecting the center of the femur, and the number of vessels crossing this line is determined [13] , [23] . Standard angiographic equipment detects vessels that are larger than 250 m [20] . Microangiographic assessment has been described when employing the rat or murine hindlimb ischemia models, and with this equipment has the capacity to detect vessels as small as 30 m [24] - [27] .
Detailed morphologic analysis of neovasculature visualized angiographically has been performed in the rabbit hindlimb ischemia model [28] and chorioallantoic membranes of chick embryos [29] , [30] . A procedure to filter and thereby improve the signal-to-noise ratio was performed on digitally subtracted angiographic images of chick chorioallantoic membranes [29] . The thesis of this work was that grayscale intensity is proportional to the vessel size, and therefore image histograms permit classification of the vessel diameters present in the image. Skeletonized binary images gave vessel lengths by pixel counting. Thus, for a singular image geometric parameters of the neovasculature were assessed. A more complex analysis utilizing fractal geometric methods has been carried out for quantitative assessment of angiogenesis in the rabbit hindlimb ischemia model and chorioallantoic membranes of chick embryos [28] , [30] . From this analysis indices of vascular complexity and density were determined to assess the level of angiogenesis. These morphometric studies performed on a single angiogram allow only for the analysis of geometric information, neglecting a temporal assessment of contrast motion through the neovasculature.
The process of arteriogenesis involves the development of large arteries with the primary function of convecting blood to distal capillary beds. Angiogenesis is the sprouting of new microvessels in order to supply ischemic tissues directly. The methodology of analyzing angiographic data presented herein specifically addresses these two mechanisms of neovascular growth. By modeling the temporal changes in contrast transport using the large artery mask, it may be conceived that this is a means to quantify the process of arteriogenesis; whereas, applying a similar modeling process to the grayscale data acquired with the blush mask examines the microvessel development and hence pertains largely to angiogenesis.
Modeling dispersion of an indicator in the human circulation with a lagged normal model was first reported by Bassingtwaighte et al. [31] . This method of modeling was later applied by Bassingtwaighte to model indicator-dilution curves in the arteries of the human leg [32] . The technique varies in this study in that the time intensity curves represent the output, which is modeled directly. Moreover, a second term is included in the model to account for the late phase of the time intensity curve which is the accumulation of contrast within the ROI that has not had sufficient time to clear within the observation period. An average error, defined as the root of the summed differences between the square of the model predictions and the data values, divided by the root mean square of the data, was 6.7% for the model fit to the data extracted from the large artery mask. Thus, results from past reports and the current analysis prove that this model has been appropriately selected and applied.
The model parameter is coupled in both terms of the model. This parameter is the standard deviation of the lagged normal component of the model, and it represents the time elapsed as the flow enters the ROI and then begins to washout. This model parameter is also included in the modified error function, which is the second term of the model. In this term of the model, influences the time of transition between the baseline intensity and the peak intensity. Using the large artery mask, a comparison of the relative magnification coefficients for the lagged normal and modified error function components of the model, and , respectively, it is clear that the first term is dominant. This is a reasonable observation in that the large arteries convect blood for distribution into distal vascular beds. Hence, the modeling of contrast transport within these arteries is predominantly related to convection, or bulk fluid motion, which is described by the lagged normal component of the model. From this interpretation, is indicative of the capacity of these arteries to perform the function of bulk blood transport. A smaller value of the transition time implies that the blood is rapidly transported within the given ROI.
The transition time may be posited to be inversely proportional to the regional blood flow, since more efficient transport of blood to the distal tissues occurs. The results shown in Fig. 7(A) correlate well to the large study performed by Gowdak et al. [20] . Rabbits that received cationic lipid-mediated VEGF gene transfer (1000 g) had a significantly larger regional blood flow to the adductor and gastrocnemius muscles at one and two week endpoints than did the control group, as measured with radioactive microspheres. These results in comparison to those presented herein tend to support the hypothesis that the transition time might be inversely proportional to regional blood flow.
The sum of the amplification coefficients, and , is related to the total amount of contrast, and hence the total amount of blood, that enters the ROI. After ischemia is induced, the peak intensity is significantly lessened. Taken together, the significant increase in the amplification factor and decrease of the transition time indicate that the treated animals have a larger amount of blood flowing more rapidly through the affected limb than the control group.
The pixel count [ Fig. 7(D) ] is shown in order to compare the large artery mask to angiographic scores of previous studies. In these experiments, the treated group had a significant increase in the number of pixels that form the LAM than the control group after one week of ischemia. This result is in direct agreement with multiple reports in which treatments using either recombinant human VEGF protein or naked plasmid DNA expressing VEGF demonstrated improvements in angiographic score as compared to controls [13] , [14] , [20] , [28] , [33] - [35] .
The modeling of time intensity data representing angiographic blush was attempted with a sum of the lagged normal model and the modified error function. The relative contribution of each component of this model was similar, and hence it may not be optimal to couple these terms with the same model parameters. However, using separate model parameters for each component of the model resulted in insignificant differences in the model parameters from the baseline angiographic sequences to those acquired after the onset of ischemia. The independency of the model parameters on changes in the data implies that the model is not parsimonious, and the model should be simplified. Simplifying the model to include only the modified error function misrepresented certain time intensity curves, particularly those acquired from the treated animals.
No clear trends or significant differences of the model parameters between the treated and control groups were observed in the blush, excluding the peak intensity value. The peak intensity values, the sum of and , increased significantly from ischemia onset to one week after surgery in the treated group. Moreover, the peak intensity derived from the treated animals was significantly larger than that of the control group one week after surgery . The peak intensity obtained using the blush mask is related to the microvascular density within the ROI. This assertion is based on the premise that increased microvasculature is demonstrated angiographically by the augmented presence of blush. Therefore, the increased peak intensity observed after one week is hypothesized to represent a higher density of the microvasculature. This finding is supported by the results of many studies wherein histological measurements revealed that after one week VEGF-treated animals had a significantly higher vascular density than did the controls [14] , [20] , [33] , [34] .
Therapeutic angiogenesis has proven in both preclinical and clinical research a benefit in the treatment of ischemic disease. Gene therapy employed to express angiogenic growth factors may eventually be one of the best means to achieve reperfusion of ischemic tissues. For the continued development of this technology, an accurate and objective modality to quantify the levels of angiogenesis that may be used clinically is required. This modality should be able to assess hemodynamic changes as well as the numbers and geometry of the newly formed vessels. Previously, angiographic analysis of therapeutic angiogenesis has been confined to the extraction of geometric information and the enumeration of opacified vessels from a singular image. The methodology presented in this paper is one proposed solution to quantify angiogenesis angiographically in both the research lab and the clinical angiosuite, and to provide a means of both geometric and hemodynamic analyses.
